Information on the effect of endogamy and combining ability of inbred families is essential in hybrid maize (Zea mays L.) breeding programs. The objective of this study was to evaluate the effect of inbreeding in a maize population and the performance of top-cross hybrids from this population, with a broad genetic base tester. First, 110 S1 families were generated and established in the field along with families from the original population. The experiment was arranged in a randomized block design with three replicates, in 3.0 m plots with 15 plants. Traits of agronomic importance, inbreeding depression, and the general effect of dominance deviations were estimated the first stage. In the second stage, 69 inbred families (S2) with low inbreeding depression were evaluated by top-cross tests using the F2 generation of the commercial hybrid AG 6040 as tester. The same traits from the first stage were evaluated. Inbreeding depression in the first stage was higher for traits related to production, which indicates that the heterozygous loci contribute more to these traits, with the additive effects being less important. In the second stage, the best estimates of the general combining ability (GCA) for grain weight were found in progenies 51, 33, 17, 9, 3, and 67, showing good performance and good potential for use in breeding programs.
INTRODUCTION
In maize (Zea mays L.), as in other cross-pollinating crops, the presence of heterozygotes prevents deleterious genes from occurring in the homozygous state and reduce the manifestation of traits of interest to breeders. Thus, in these crops, according to Hallauer et al. (2010) , it is essential to generate base populations that can be used in the future as a source of inbred lines to obtain superior hybrids. Vencovsky and Barriga (1992) recommend that selection of the best populations and collection of information on the lines should be based on genetic parameters related to the following factors: behavior of the lines when in total homozygosity, inbreeding depression, estimated additive effects (m + a), and the contribution of heterozygous loci (d).
The higher the frequency of heterozygous loci in the genetic material, the greater the possibility of obtaining different gene combinations when total homozygosity is achieved. Inbreeding depression can be predicted if heterozygosity exists (Botelho et al., 2016) . However, in the evaluation of genetic material, it is important to consider both the additive effect, which is estimated when all loci are homozygous, and the dominance effect, which is related to the level of inbreeding depression. Oliveira et al. (2015) studied three semiexotic populations of maize (CRE-1, CRE-2, and CRE-3). They found depression by inbreeding with one generation of self-fertilization, indicating that the phenotypic mean value of the three populations under inbreeding reduced in comparison with the random-mating population. Thus, depression by inbreeding can be defined as the reduction of the mean phenotypic value shown by traits associated with the reproductive capacity or physiological efficiency of the plant. Inbreeding depression may limit the number of promising lines in a germplasm and indicate the potential of populations for genetic breeding (Hallauer et al., 2010) . The deleterious effects of inbreeding are direct consequences of the number and types of Mendelian traits found in heterozygosis in the original population, and are therefore a consequence of Mendelian segregation. In summary, germplasm sources that are more sensitive to inbreeding are the least promising for obtaining high potential agronomic lines, which may limit the achievement of promising hybrids (Hallauer, 1990) .
The evaluation of inbreeding only may not be sufficient for guiding a selection program and advancing plant improvement. Thus, one should select lines using methodologies that allow their evaluation in different combinations. Among these methods, top crosses are used to evaluate the relative merit of a large number of partially inbred lines in crosses with testers and help the breeder to remove the lines with low performance (Miranda Filho and Viégas, 1987; Paterniani et al., 2006; Aguiar et al., 2008; Nelson and Goodman, 2008; Marcondes et al., 2015) . The hybrid obtained from a top cross is very important for breeding programs. It is widely used to evaluate the combining ability of the progenies (or lines) and to select new lines at the initial stages of the program.
From the foregoing, therefore, the objectives of this study were to characterize self-fertilized lines (S1) of maize for several attributes of agronomic importance, including sensitivity to inbreeding, evaluate the behavior of S2 progenies in top crosses, and obtain experimental data on the productive and agronomic potential of the hybrid combinations.
MATERIAL AND METHODS
The experiment was divided into two stages: the first stage, comprising the evaluation of inbreeding depression, and the second stage, comprising the evaluation of the combining ability in top cross after advancement of a generation of selffertilization of the selected progenies in the first stage.
The original population derives from a promising material for fecundity. One cycle of recurrent selection was applied to this population for grain production. After recombination, a batch of approximately 500 seeds was sown to generate the inbred families (S1: 50% expected homozygosity). In this batch, 250 plants were self-fertilized in the reproductive stage, generating 110 S1 families with good-quality seeds in sufficient quantities for the test. The field trial was implemented in February 2015 (second harvest), with S1 progenies planted in a randomized block design, with three replicates. Each plot consisted of a 3 m long row, spaced 0.9 m between rows and 0.2 m between plants. Plants were thinned 25 d after planting to standardize the stand to 15 plants per plot. Lines of the base population were randomly introduced among the S1 progenies. These lines originated from the random mating of the base population (S0) that underwent self-fertilization to achieve inbreeding depression. To prevent the effect of competition between the lines of the base population (S0) and the inbred lines, we planted two border rows around each row of the base population for protection, using the same population. In addition, we planted, on the outside of these two rows, a border row on each end, using a mixture of inbred lines.
The experiment was implanted in no-tillage system, with manual seeding in furrows. NPK was applied (310 kg ha -1 of the formula 04-20-18) according to fertilizer recommendation for the maize crop. Pests were controlled with application of insecticide and weeds with post-emergence herbicide.
Five plants from each plot were used to evaluate the following traits: male flowering (MF, d), when 50% of plants in the plot had a third of the tassel producing pollen; female flowering (FF, d) , when 50% of plants in the plot had at least 1 cm of style-stigma exposed; plant height (PH, m), average of five random plants from the middle of the plot measured from ground to point of flag leaf insertion; ear insertion height (EH, m), average of five random plants from the middle of the plot measured from ground to the highest ear insertion; ear length (EL, cm), taken from five ears randomly sampled; ear diameter (ED, cm), taken from five ears randomly sampled. Ear weight without husks (EW) and grain weight adjusted to 13% moisture (GW) were determined for the entire plot. The ANOVA for the traits PH, EH, EL, and ED used plot means, and for EW and GW used the entire plot data transformed into t ha -1 and corrected to the ideal number of ears (15 ears) according to the covariance method (Vencovsky and Barriga, 1992) .
In the analysis of inbreeding depression, we used the inbred families (S1) and plots that were representative of the base population (random pollination), from the same population, which allowed us to estimate the population parameters. We used the basic model adopted by Oliveira et al. (2015) for population mean, as follows:
where u is half of the difference between the genotypic values of homozygotes for all loci; a * is the contribution of homozygotes to the mean; d * is the contribution of heterozygotes to the mean. In a population at Hardy-Weinberg equilibrium, we can define: a * = Σi (2pi -1)ai and d * = Σi 2pi(1-pi)di, where, at the i th locus pi is the frequency of favorable alleles, ai is the effect of the homozygotes, and di is the deviation of the heterozygotes.
After one generation of self-fertilization, the expected mean of the population with 50% of homozygosity is m1 = u + a * + 2 1 d * , and the following effects are estimated: Â = 2m1 -m0: expected mean of a random sample of completely homozygous lines extracted from the base population
contribution of heterozygotes to the mean. dp = m1 -m0: expected inbreeding depression when 50% of the population reach homozygosity.
In the second stage of the study, the assay with the 110 S1 families was conducted along with the estimation of the inbreeding depression. For this purpose, each family was sown in one 2-m row with at least 10 plants. All the plants were self-fertilized in the reproductive phase. After the estimation of inbreeding depression in the first stage, we selected the S2 families to be used in the field with a broad genetic base tester to determine the general combining ability (GCA) of the families. Among the original progenies, 36 were selected, in which 32 had lower inbreeding depression and 4 had greater inbreeding depression for grain production. Each S1 line, which gave rise to the S2 progenies, had approximately 10 plants, we then obtained 76 families after selection for seed quantity and sanity to generate the top cross hybrids. These progenies were crossed with a broad genetic based tester (F2 generation of commercial hybrid -AG 6040), using a crossing system in which one row of the tester was planted every three rows of the inbred lines. At the flowering time, the plants on the rows of inbred lines were emasculated and the tester (F2 of the hybrid AG6040) was used as the pollen donor. At harvest, seeds in sufficient quantities and with good sanity were obtained from 69 inbred lines, corresponding to the number of hybrids to be tested.
The experiment to evaluate of the top cross hybrids was installed in February 2016, in the second crop. It was arranged in a randomized complete block design, with four replicates. The plots consisted of one 4-m row spaced 0.9 m between rows and 0.2 m between plants. A total of 69 top cross hybrids were used. The commercial hybrid AG1051 was planted between rows as a control.
Sowing was carried manually in furrows, in no-tillage system. NPK was applied (310 kg ha -1 of the formula 04-20-18) according to fertilizer recommendation for the maize crop. The traits evaluated were the same as those in the first stage.
The estimation of the combining ability (gi) was performed with the statistical-genetic model described by Ferreira et al. (2009) :
where, m is overall mean, gi is the effect of combining ability of line i, and eij is the mean experimental error. The parameter gi was obtained from the expression: gi = ci -c; where gi is the effect of combining ability of the lines, ci is the mean of each hybrid, and c is the overall mean of the top cross hybrids. All statistical and genetic analyses were performed using the GENES software (Cruz, 2013) .
RESULTS AND DISCUSSION
The ANOVA of data from the first stage showed significant difference (α ≤ 0.01) among the progenies for all evaluated variables, confirming the variability in the progenies (Table 1 ). The existence of genetic variability is essential for the success of plant breeding programs, since it allows the selection of superior genotypes. Table 1 indicates that, among the traits evaluated, those related to production (EW and GW) had the highest inbreeding depression (ID), with means reaching 50.43% (EW) and 50.32% (GW). Several studies reported ID higher for the production variable than PH and EH (Scapim et al., 2006; Garbuglio et al., 2009; Bernini et al., 2013; Kuki et al., 2017) . Good and Hallauer (1977) observed that production is the most affected variable by inbreeding in any degree of homozygosity. According to Kuki et al. (2017) and Bernini et al. (2013) , inbreeding depression for PH and EH is lower than for EW and GW, because the dominance effects are less important in these traits.
There was increase in the number of days for both male and female flowering, indicating a negative effect of endogamy on S1 generation. The percentages of inbreeding depression found were -3.075 and -2.707% for male and female flowering, respectively.
Plant height (PH) and ear insertion height (EH) showed inbreeding depression of 13.57% and 14.12%, respectively, with decrease in PH and EH, which indicates a depressive effect due to endogamy. Similar results of inbreeding depression for these two characters were found by Arnhold et al. (2010) in a popcorn population. We also recorded decrease in mean values of ear length (EL) and ear diameter (ED), with inbreeding depression percentages of 15.83% and 13.12%, respectively. These results corroborate with the findings of Garbuglio et al. (2009) , with percentages of inbreeding depression below 15% for EL and ED. Thus, indicating that for these traits, the dominance effects are also less severe, resulting in less inbreeding depression.
In a comprehensive review on maize breeding techniques, Hallauer (1990) found that when comparing inbred with non-inbred lines, PH can be reduced by 25%, number of days for flowering can increase by 6.8%, and grain yield can be reduced by up to 68%, on average.
Inbreeding depression was more pronounced in ear weight (EW) and grain weight (GW), with mean percentages of 50.43% and 50.32%, respectively. These high values are expected because of the complexity of these traits. Arnhold et al. (2010) and Freitas et al. (2016) argue that for quantitative inheritance traits, the contribution of heterozygous loci is high and influences the increase of inbreeding depression. Bernini et al. (2013) found inbreeding depression rates for the trait GW in hybrids of 48.1%, 39.2%, and 36.3%, corroborating with the results found in the present study. Table 1 shows stronger dominance effects for the two traits.
As Table 2 indicates, there is a variation in the percentage of inbreeding depression from 2.60% to 79.45% for the 110 progenies evaluated. Progeny 79 had the lowest inbreeding depression (2.60%) and progeny 109 had the greatest inbreeding depression (79.45%). Other progenies with low inbreeding depression were 8, 69, 52, 10, and 79, with percentages of 33.12%, 27.21%, 23.82%, 17.90%, and 2.60%, respectively. These progenies are less sensitive to the effect of inbreeding and can generate lines with greater yield potential, because of the high frequency of favorable alleles.
By comparing the contribution of homozygote (A) and heterozygote (d*) (Table 1) , one sees that the traits PH and EH have a higher contribution of homozygous loci (additive effects) and lower contribution of heterozygous loci (dominance deviations), whereas the traits EW and GW have a higher contribution of heterozygous loci and less of homozygous loci. This shows that for the traits related to production, the contribution of heterozygous loci is more pronounced, and additive effects are less important than dominance deviations. These findings are consistent with those of Viana et al. (2009) , who used mean estimates of lines obtained from simple maize hybrids and estimated the contribution of homozygous loci for PH, EH, EW, and GW to be 59.65%, 53.16%, 31.65%, and 30.40%, respectively. The contribution of heterozygous loci was estimated as 40.53%, 47.43%, 68.36%, and 69.36%, for the traits PH, EH, EW, and GW, respectively. These results indicate a greater contribution of homozygous loci for the traits PH and EH, and of heterozygous loci for the traits EW and GW, which is in good agreement with the results of the present study.
The progenies that presented the highest inbreeding depression were 109, 97, 55, 85, and 101 (Table 2) , with percentages of 79.45%, 76.95%, 76.88%, 74.97%, 74.00%, and 32.00%, respectively. These five progenies are less promising for obtaining high standard agronomic lines because of their greater sensitivity to inbreeding effects, which may limit the development of promising hybrids.
We found that the contribution of heterozygous loci is higher in progenies that are more sensitive to the effect of inbreeding, because, in case of dominance controlling the target trait and heterozygous loci, inbreeding depression (ID) is likely to occur in the population. From the foregoing, we may infer that the estimate of inbreeding depression may indicate the contribution of the heterozygous loci (d) in the population (Lima et al., 2000) . Table 3 shows the estimates of general combining ability (ĝi) effects for nine traits evaluated in 69 maize top cross hybrids. The effects of the general combining ability were estimated considering that the lines were crossed with a broad genetic based tester (population F2). These effects were estimated by the hybrid mean deviations in relation to the mean of all the top cross hybrids evaluated, according to methodology described by Ferreira et al. (2009) .
The negative values of ĝi for the flowering traits favor precocity. This result is of great interest, as it reduces the time of permanence of the crop in the field and thus reduces risks and production costs. The genotypes 58, 44, 64, 28, 2, and 27, 51, 44, 6, and 2 expressed a favorable reduction in the number of days for male and female flowering, since they showed the lowest ĝi values contributing to precocity.
Breeding to manipulate the traits PH and EH aims at reducing plant size to reduce stem lodging and breaking. Genotypes 4, 49, 53, and 54 had negative values of ĝi for PH and genotypes 4, 49, 54, and 53, for EH. The effects of ĝi for PH and EH indicate that genotypes with negative values tend to accumulate genes favoring the reduction in size. Therefore, they are likely to contribute to reducing the size of plants. Fidelis et al. (2010) reported similar results evaluating the combining ability of tropical maize populations. They found that the presence of populations with negative GCA indicates the possibility of genetic gains for reduction of PH and EH. Ji et al. (2006) argue that EH is one of the most important traits in Z. mays selection programs, since it is directly related to lodging.
The ĝi effects of the trait EL in the lines 27, 33, 51, 67, and 21 exceeded the others. The trait ED in the lines 66, 12, 13, 14, and 51 showed values superior to the others. Therefore, these lines have greater concentration of favorable alleles for the increase of these traits.
The genotypes 51, 9, 33, 32, and 67 stood out for presenting positive values of ĝi for WE and genotypes 51, 33, 17, 9, 3, and 67 for GW. Genotype 51 was superior to all others (ĝi = 2.146 t ha -1 for EW) and (ĝi = 1.429 t ha -1 for GW). These results demonstrate that the use of these lines in crosses can increase yield. On the other hand, genotypes 1, 62, 43, 56, and 40 indicate a lower possibility of yield increase. These genotypes express higher negative values of ĝi for GW, showing little influence of the additive effect. Genotype 1 showed the greatest reduction (ĝi = -1.165 t ha -1 ). According to Senhorinho et al. (2015) , positive values of ĝi indicate that genotypes used as parents contributed with favorable alleles with additive effects to their progenies.
The top cross hybrids 66, 67, 68, and 69 (Table 3) were selected from progenies (S1) with higher inbreeding depression for grain production. According to the literature, these progenies are less promising to obtain hybrids of high agronomic standard. The hybrids 66, 67, and 68 showed positive GCA estimates for GW, indicating good genetic complementarity with the tester, and negative GCA estimates for MF, FF and EH/PH ratio. They showed satisfactory productivity, cycle reduction, and size reduction, which is of interest, indicating that self-fertilization can be continued. Hybrid 69 had negative GCA estimate for GW, indicating low productivity. 
